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During multi-photon ionization of an atom it is well understood how the involved photons
transfer their energy to the ion and the photoelectron. However, the transfer of the photon
linear momentum is still not fully understood. Here, we present a time-resolved measure-
ment of linear momentum transfer along the laser pulse propagation direction. Beyond the
limit of the electric dipole approximation we observe a time-dependent momentum transfer.
We can show that the time-averaged photon radiation pressure picture is not generally appli-
cable and the linear momentum transfer to the photoelectron depends on the ionization time
within the electromagnetic wave cycle using the attoclock technique. We can mostly explain
the measured linear momentum transfer within a classical model for a free electron in a laser
field. However, corrections are required due to the interaction of the outgoing photoelectron
with the parent ion and due to the initial momentum when the electron appears in the con-
tinuum. The parent ion interaction induces a measurable negative attosecond time delay
between the appearance in the continuum of the electron with minimal linear momentum
transfer and the point in time with maximum ionization rate.
The main idea and first results of this work have been presented in 1–3.
Photon linear momentum transfer, i.e. momentum transfer along the laser beam propagation axis,
upon the interaction of light with matter is one of the most fundamental processes in physics. It
impacts a broad range of scientific fields, ranging from laboratory-scale photoionization experi-
ments 4 to plasma physics 5, 6 and laser cooling of microscopic 7, 8 and macroscopic objects 9 and it
is the underlying mechanism for the occurrence of radiation pressure.
The simplest example for a process that involves transfer of linear momentum from a photon
to an electron is Compton-scattering, where a photon scatters from a free electron. Whereas the
fundamental concepts of energy and momentum conservation forbid the complete absorption of the
photon by the free electron 10, photons can be absorbed by a bound electron during photoionization.
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In the case of single photon ionization, the linear momentum of the photon Eph/c with the pho-
ton energy Eph (c denotes the speed of light) is transferred to the electron-ion system along the
laser propagation direction. For sufficiently high photon energies, basically the complete linear
momentum is transferred to the outgoing electron 11, 12. At low ionization potentials, the electron
momentum can even exceed Eph/c 13–16. In this case the ion receives a momentum in the opposite
direction 11, 13–16.
The situation changes drastically if we consider photon energies well below the ionization potential
of the target and high laser intensities. In this case, multiple photons are involved in the ionization
process. So far, studies on linear momentum sharing and transfer from the laser field to ions and
photoelectrons dealt mainly with the time-averaged final photoelectron momenta 16–20 and with the
ionization-phase-dependent momentum transfers upon recollision 21, 22. However, to the best of our
knowledge, there has been no experimental study on the time-dependent linear momentum transfer
during photoionization – neither for single-photon nor for multi-photon ionization processes.
Here, we present the first study on the time-resolved linear momentum transfer in strong-field
ionization. We achieve sub-cycle time resolution on an attosecond scale by employing the attoclock
method 23, 24. In this technique, the rotating electric field vector serves as reference for the timing
of ionization processes on an attosecond time scale. The measurement method is illustrated in
Fig. 1. In a semi-classical picture the photoelectron is released to the continuum around the peak
of the laser electric field (Fig. 1 (a)). During the subsequent interaction with the electromagnetic
pulse the electron is accelerated by the Lorentz force ~FL = −e · ( ~E + ~v × ~B) (Fig. 1 (b)) leading
to a final momentum of the electron after the pulse with a component in the polarization plane ~p⊥
and in laser beam direction pz (Fig. 1 (c)). In the multiphoton picture of the ionization process
the pz-drift of the electron corresponds to a partial transfer of photon linear momentum. Although
strong-field ionization is in principle a multi-cycle process, the attoclock method allows us to
access the dynamics within a cycle. In the polarization plane, the streaking angle reflects the
ionization time within a laser optical cycle (see supplementary information). The contribution
from different cycles is shown for the case of zero carrier envelope phase 25 in Fig. 1 (d). For
our experimental parameters the main contributions stem from the central cycle (43.5 %) and the
neighbouring cycles (24.4 % each).
To understand the physics of linear momentum transfer in multi-photon strong-field ionization let
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us first consider a free electron that interacts with light. If the number of photons involved in the
process is sufficiently high, the laser field can be described by a classical electromagnetic field. A
widely used model for this situation is based on the classical theory of the high-intensity Thomson
scattering, i.e. the low-energy limit of Compton scattering 26: Governed by the laws of classical
mechanics, the electron gets accelerated by the electric field of the light. If a free electron is passed
by an intense classical light pulse, its final momentum is equal to its initial momentum once the
laser pulse has completely vanished again. However, in the case when the free classical electron is
born with an initial momentum ~p0 during the classical pulse, the laser field transfers drift kinetic
energy to the electron. The dominant fraction of the momentum of the electron after the pulse is
∝ − ~A(η0) and directed in the polarization plane, i.e. the plane perpendicular to the propagation
direction of the laser pulse. Only a small fraction of the transferred momentum points along the
beam propagation direction z.
The sudden appearance of a classical electron in the classical field of the laser pulse is one of the
assumptions in the widely used semiclassical two-step models of strong-field ionization: The elec-
tron leaves the bound state with essentially zero momentum along the instantaneous electric field
direction and is subsequently accelerated by the laser field 27. The initial position and momentum
of the electron are based on the laws of quantum mechanics. If the parent-ion interaction is ne-
glected, the final momentum of the ionized photoelectron with the initial momentum ~p0 at a phase
η0 of the laser field can be calculated analytically: ~pf,⊥ = ~p0,⊥ − ~A(η0) is the final momentum
component in the polarization plane, where ~p0,⊥ denotes the electron’s initial momentum in the
polarization plane and ~A(η0) the vector potential at the phase η0 (atomic units are used through-
out). In the propagation direction of the light, z, the final momentum is governed according to
classical physics in the non-relativistic limit, however without the electric dipole approximation,
by
pf,z = p0,z +
1
2c
~A(η0) · ( ~A(η0)− 2 ~p0,⊥) (1)
where p0,z denotes the z component of the electron’s initial momentum and c the speed of light 28
(for details see supplementary information). Since | ~A| ∝ λ · √I the non-dipole contributions can
be observed either for high laser intensities I 29 or long wavelengths λ 19, 30. In our experiment,
the electron energies are in a regime where the final momentum pf,z in beam direction is different
from the initial p0,z.
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Figure 1: Timing of linear momentum transfer probed with the attoclock method. The
rotating electric field vector serves as a time reference to clock the linear momentum transfer onto
the electron. (a) The xenon atom at the time of ionization when the electric field is maximal. (b)
The electron after the pulse has passed. The electron leaves the pulse at an angle of∼ 90◦ (= pi/2)
with respect to the electric field vector at the time of ionization. Deviations from this angle are
caused by the influence of the parent-ion interaction and ionization delay times. (c) Illustration of
the forces acting on the outgoing electron after it was released from the ion. The magnetic field
component of the laser field is responsible for a force in laser beam propagation direction. This
force can be understood in terms of transfer of linear photon momentum onto the outgoing electron.
(d) Ionization rate based on the ADK-theory 34 during the pulse as function of the ionization phase
η0 as well as the time t0.
Besides the two-step model, strong-field ionization can in general be described in a photon picture
as multi-photon above-threshold ionization 31: A total number of Ntot = Nsub + Nabove photons
is absorbed and the conserved photon linear momentum Ntot · h¯k is shared between the electron
and ion 32. Whereas the momentum IP/c of the Nsub photons needed to lift the electron into
the continuum is rather transferred to the ion 18, the quasi-free electron gets accelerated by the
remaining Nabove photons to its final kinetic energy Ekin with respect to the atomic core. Small
offsets of the order of IP/(3c) in the expectation value of the electron momentum in beam direction
from the absorption of the Nsub photons have been predicted, but so far not been experimentally
confirmed 16, 33.
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Figure 2: Momentum distributions from strong-field ionization with angular streaking. (a)
Isosurface of a reconstructed 3D photoelectron momentum distribution (PMD) recorded at an el-
lipticity of  = 0.8 together with a sketch of the polarization ellipse and the beam direction. (b)
Polarization plane PMD for an ellipticity of  = 0.5 visualizing the definition of elliptical coordi-
nates and the streaking angle α. Superimposed is the illustration of the effect of the parent-ion
interaction onto an outgoing electron ionized at the peak of the electric field, as indicated by the
polarization ellipse in black. The final momentum of the photoelectron gains in addition to the mo-
mentum pL acquired by the propagation in the laser field the momentum pC from the interaction
with the parent ion mostly in the direction of the instantaneous electric field. The angle αI denotes
the angle of maximal ionization yield.
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Figure 3: Sub-cycle dependence of linear momentum transfer. Angular distributions for var-
ious ellipticities of the pz-shift (red) together with the normalized electron yield (blue) from the
experimental data (PMD exp., pz exp.). In addition, we show the corresponding results from our
classical trajectory Monte-Carlo (CTMC) simulations (PMD CTMC, pz CTMC) and the theoreti-
cal prediction for a peak intensity of I0 = 4 · 1013 W cm−2 based on a classical model ("pz model")
and an extended version with an additional initial momentum component along pz ("pz model, "
and "pz model, 2")(for details see main text and supplementary information).
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Figure 4: Attosecond timing of linear momentum transfer. (a) Visualization of the angle
difference between the angles where pz minimizes (αM ) and the ionization yield maximizes (αI)
for an ellipticity of  = 0.5. The corresponding time axis up to a constant shift is shown on top.
(b) Angular difference ∆α as a function of the ellipticity, together with the corresponding time
difference axis. The error bars are based on the 1σ uncertainty of the fit. The measurement is
compared to the CTMC calculations, and three analytic models for a free electron corrected by
the electron-ion interaction ("Model") and extended additionally by an initial momentum along pz
("Model " and "Model 2") (for details see main text and supplementary information).
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In our experiments, we use elliptically polarized mid-infrared (mid-IR) laser pulses centered around
3.4µm to strong-field ionize the target xenon in a regime beyond the electric dipole approximation.
The laser pulses were compressed based on the ionization signal to ∼ 50 fs, corresponding at an
optical cycle duration of 11.3 fs to a pulse duration of 4.4 cycles. The carrier envelope offset phase
was not stabilized. At a repetition rate of 50 kHz we reach a peak intensity of ∼ 4 · 1013 W/cm2.
Accordingly, the Keldysh parameter is in the range γ ≈ 0.4− 0.5, an intermediate regime between
pure multi-photon ionization (γ  1) and pure tunnel ionization (γ  1) 35.
Full 3D photoelectron momentum distributions were recorded with a velocity map imaging spec-
trometer in combination with a tomographic reconstruction algorithm 36, 37 (Fig. 2 a). The studied
ellipticities  ≥ 0.3 do not allow for recollisions of the electron with the residual ion 22.
From the 3D momentum distributions, we extracted the ionization yield as a function of an an-
gle α, defined in elliptical coordinates in the polarization plane (Fig. 2 b). This ensures a linear
mapping of time to angle also for comparably small ellipticites. From the resulting photoelectron
angular distribution, we identified an angle αI where the ionization yield maximizes. Furthermore,
from radially integrated 3D momentum distributions we extracted the shift in pz-direction as a
function of α and identified the angle αM where the momentum transfer from the laser field onto
the photoelectrons minimizes. The details for the data analysis are described in the supplementary
information. We observe that the electrons ionized around the maximal electric field experience
the smallest shift in pz.
In the multi-photon picture of the strong-field ionization process the pz shift is a direct measure for
the number of photons that transferred their linear momentum to the electron. Our measurement
for elliptical polarization shows that the number of involved photons varies within an optical cycle.
Specifically, for the electrons born around the electric field maximum the number of absorbed
photon momenta is smaller than the prediction from the radiation pressure model: Our experiment
with ellipticity  = 0.5 shows a minimal pz shift of ≈ 5 · 10−3 a.u. corresponding to ∼50 photon
momenta. The radiation pressure model would predict an average shift of UP/c ≈ 1 · 10−2 a.u.
corresponding to ∼100 photon momenta. UP is the ponderomotive energy of the photoelectron in
the laser field.
This shows that the radiation pressure picture, used to explain the linear momentum transfer in
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the case of circular polarization 18, is not generally applicable for arbitrary polarization states.
For elliptical and linear polarization, it is not even generally applicable for the cycle-averaged
photelectron momentum 〈pz〉 due to weighting of pz with the nonlinear ionization rate during the
cycle. The radiation pressure picture applies only if the magnetic force onto the electron is constant
over one full laser cycle, i.e. for purely circular polarization.
The variation of the pz-shift as a function of the streaking angle α, i.e. the ionization phase η0,
can be largely explained by the previously introduced model for a free electron (equation (1)).
The model predicts a minimum of the pz-shift around ionization phase η0 = 0 (see supplementary
information) and the correct order of magnitude for the modulation of 〈pz〉 as a function of α,
including a decrease of the 〈pz〉 (α) variation amplitude with increasing ellipticity (Fig. 3).
In the experiment the extracted angles αM and αI for minimal pz-shift and maximal PMD signal,
respectively, show a positive offset ∆α = αI − αM for all ellipticities (Fig. 4, details see supple-
mentary information). We apply the attoclock principle to translate the angular offset into time.
The usage of an elliptical coordinate system in the polarization plane results in a linear mapping
between the streaking angle α and the time τ or ionization phase η0 (see supplementary informa-
tion). When we translate ∆α to a time offset ∆τ , we find that the electrons with a minimal pz-shift
are released into the continuum before the maximum of the electric field on the order of 100 as.
Under the assumption of zero initial momentum, the simple model for a free electron predicts a
vanishing offset ∆α. Both electron trajectories, the most likely one and the one experiencing the
smallest linear momentum transfer are ionized at identical phase η0 = 0.
The more complete description of the continuum propagation in our classical trajectory Monte-
Carlo (CTMC) simulations (see supplementary information) covers the interaction of the photo-
electron with the residual ion. As a result the CTMC simulations predict in addition to the ioniza-
tion phase dependent 〈pz〉 (Fig. 3) a negative ionization phase for the minimal pz-shift. This results
in a positive ∆α of the same order of magnitude as found in the experiment (Fig. 4(b)).
We include the interaction with the residual ion in the analytic model perturbatively by setting the
initial photoelectron momentum to ~p0 = ~pC . This is based on the fact that the final momentum can
be decomposed in the polarization plane into ~pf = ~pL+~pC , where ~pL is the momentum transferred
9
onto the electron by the laser field and ~pC is the momentum acquired by the Coulomb interaction
with the residual ion 38 (see supplementary information). The analytic solution for the ionization
phase η0 with minimal pz,
η0 = −0.5 arctan
(
pi√
2
ω I
−3/2
P
)
, (2)
is independent of the laser field intensity and ellipticity . The Coulomb corrected analytic predic-
tions are in perfect agreement with the numerical predictions from the CTMC calculations (com-
pare Fig. 3 and 4). This shows that the Coulomb interaction is mostly responsible for the angle
offset ∆α.
However, the measured absolute values for 〈pz〉 lie slightly above the values expected from both,
our CTMC calculations and the analytical model. The deviation can be partly caused by the com-
bined influence of the focal volume averaging and an uncertainty in the intensity calibration and the
determination of the absolute zero momentum of the detector. The error bars shown in Fig. 3 are of
statistical nature based on the fit and do not include any of the possible systematic errors. Neither
of the above can fully explain the discrepancy in the curvature of the pz-shift as a function of the
streaking angle. Moreover the experimentally measured delay times ∆τ appear to decrease with
increasing ellipticity, whereas the CTMC-simulations and the analytic model predict a constant
value (Fig. 4(b)).
We suggest to introduce an additional initial momentum along the beam propagation direction of
1
2c
f()| ~A(η)|2, where f() is a non constant function of the ellipticity . This correction is based on
the momentum corresponding to the additional energy of the electron in the laser field described
by the vector potential A(η) when it appears at the phase η in the continuum (see supplementary
information). Extended to the total initial momentum ~p0 = ~pC+ 12cf()| ~A(η)|2kˆ the analytic model
predicts 〈pz〉 (α) curves following more closely the measured ones (Fig. 3). Also, the ionization
phase η0 corresponding to minimal momentum transfer pz,
η0 = −0.5 arctan
(
pi√
2(1 + f())
ω I
−3/2
P
)
, (3)
becomes ellipticity dependent. Our model shows good agreement for the two functions f() = 
and f() = 2 with the experimental results (Fig. 4(b)).
In conclusion, we experimentally demonstrated that the strong-field momentum transfer in laser
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propagation direction from the field onto the photoelectrons beyond the limit of the dipole ap-
proximation is a time-dependent process within an optical cycle. Thus, a time-averaged radiation
pressure picture is not applicable in the general case of elliptical polarization. The time dependent
momentum transfer can mostly be explained with a classical model of a free electron, extended by
the parent ion interaction of the escaping photoelectron and an additional time-dependent initial
momentum shift related to the energy of an electron in an electromagnetic field at the phase of
ionization η0. The shift of the PMD along the laser propagation direction provides direct access to
the number of photons that were absorbed by the electron during the ionization process. Hereby,
our results open up new possibilities for measurements on the timing of photon absorption as well
as fluctuations of the laser field 39.
Furthermore, we observed a time delay between the times of maximal ionization yield and mini-
mal linear momentum transfer. As the ionization rate is connected to the cycles of the field, our
observations imply a time delay between the cycles of the field and the linear momentum transfer.
We showed that the electrons with the smallest momentum transfer are ionized shortly before the
peak of the electric field with a time delay on the order of several tens of attoseconds (Fig. 4).
This time delay might contain further information about the electron dynamics in the classically
forbidden region during the ionization process.
Our findings have important consequences for all areas of physics that are influenced by the field-
momentum transfer. They also trigger the question about time delays in the field-momentum trans-
fer in the case of single photon ionization, i.e. if the parent ion potential induced time delays are a
general property of photoionization or apply only for the case of strong field ionization. Thus, our
results can motivate further studies with single photon ionization via time-dependent pz-transfer in
streaking- and RABBITT-experiments.
Data availability. The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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